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INTRODUCTION
Biomass is a general term describing a variety of waste products such as wood waste material (saw dust, wood chips, etc), crop residues, and animal wastes. In general, any solid fuel other than fossil derived coal, oil or natural gas is considered a biomass fuel. The overall objective of the program is to develop a database on cofiring of coal and biomass fuels, which primarily include the feedlot biomass, and litter biomass fuels.
What is the rationale behind the co-firing of coal: feedlot and litter biomass fuels? Since 1978, the average number of animal units has increased, and hence animal waste generation has increased by 56% (for cattle) and 176% (for layer). Large concentrated animal feeding operations (CAFO) have expanded all over the country including Texas. The Texas Panhandle region covering adjacent users of Oklahoma and New Mexico is the largest cattle feeding region in the nation, producing about 7.2 million fed cattle annually (which is almost 32% of the fed cattle produced and slaughtered in the U.S.), and contributing approximately $14 billion per year to the regional economy. The cattle feeding industry in the Texas Panhandle area is growing at the rate of approximately 100,000 head of feedlot capacity per year. Each animal fed leaves approximately one ton of collectable manure (or 2 lb per cattle per day) containing 35% moisture and 65% solids (combustibles + ash). Broiler producers under contract from Poultry integrators raise these birds for slaughter in broiler houses that may occupy 10,000 to 30,000 birds per house. Sanderson Farms process more than 50 million broiler/ year (broiler life 41 days, 1.25 tons per 1000 birds processed). They kill approximately a million chicken per week. Most of their broiler houses are located within a 70-mile radius of their feed mill in Franklin and Robertson County, Texas. In the USA alone approximately 8 billion heads are produced for slaughter annually. With an average litter production of 0.20 lb per day per bird, poultry waste production is estimated to be approximately 15 million tons per year, out of which almost 600,000 tons is generated in Texas (1998) . Totally about 110 million tons of cattle manure (Feedlot Biomass, FB) and poultry manure (Litter Biomass, LB) are produced annually on a dry matter basis out of which 10 million dry tons of livestock and poultry waste are produced in Texas alone.
In many cases, the production of manure is in excess of the availability of farmland application. While the land application of manure either from cattle or poultry as fertilizer has been the expedient solution, the problem with this remedy is that manure is a relatively dilute nutrient source, sharply increasing the transportation cost from the confinement facility to the site of application. Depending on transportation costs, beyond a certain radius, manure cannot compete with commercial fertilizer as a nutrient. If the rate of land application for the manure as the fertilizer is not reduced, air and water quality problems will become more serious. The stock piled waste poses economic and environmental liabilities. Hence the animal bio-waste from CAFO's can lead to ground water contamination and air pollution problems with release of CH 4 , NH 3 , H 2 S, amides, volatile organic acids, mercaptans, esters, and other chemicals. Some states have actually enacted moratoriums on the construction of new facilities, until the local regulatory authorities satisfy the ability of disposition of the manure locations based on a rigorous nutrient balance or even more stringent criteria.
So a viable solution to the disposal problem is to use the feedlot and litter biomass as fuels for energy conversion. Various technologies, that utilize feedlot biomass as a sole energy source, are summarized in tabular form (Annamalai et al., 1987) . Some of these technologies have met with limited technical success. The limitations were primarily due to reliance on feedlot biomass as the sole-source of fuel despite its highly variable properties (i.e. ash %, moisture %, salts etc.) and associated flame stability problems.
Since feedlot and litter waste could be readily combusted in the presence of high heat value coal, most of these problems could be eliminated by blending waste/biomass with coal and firing in existing boiler burners. A state of art review on cofiring has been recently undertaken (Sami et al., 2001) . The review summarizes various biomass fuels, properties and their combustion behavior, existing literature on co-firing, fundamental concepts related to coal: biomass blend combustion, and modeling studies.
The properties, performance, and emission data for coal, coal: FB and coal: LB blends on cofiring and fixed-bed gasification data for FB, LB, coal: FB and coal: LB blends were reported in previous DOE quarterly reports and partly published in recent articles . Even though fuel N increased for blended fuels, the NO x emission did not increase. Further the reburn tests with FB and LB revealed reduction of NO x of the order of 80 %. A provisional US patent # 60/278,277 was obtained and application for permanent patent is under review.
In order to explain the significant reduction of NO x with animal waste based biomass as reburn fuels, fixed bed modeling effort was substituted with zero dimensional reburn model reported in Quarterly Progress report # 10. The previous zero dimensional model developed for estimating NO x reduction during the reburn process using simulated biomass volatiles was the first step towards understanding the reburn process in a boiler burner. Since the results of the earlier simplified model were encouraging, the need for a more rigorous treatment of the model was thought to be necessary. The current progress report concerns with formulation of rigorous reburn model which accounts for mixing of cold reburn supply with hot NO containing mainburner gases, reburn fuel particle heat up, pyrolysis, N evolution, homogeneous reactions of volatile matter and nitrogenous compounds, heterogeneous char reactions etc.
EXECUTIVE SUMMARY
Reburn technology is a process where the NO x produced by coal fired main burners is reduced with additional burners called reburners fired with natural gas or coal as reburn fuel under slightly fuel rich conditions. When animal waste was used as a reburn fuel, the reduction of NO was found to be of the order of 80 % and almost independent of stoichiometry upto 10 % deficient air. In order to understand the mechanisms governing NO reduction, a reburn model is presented here to predict the capture of NO x by reburn fuel. The main fuel flow typically supplies 80-90 % of required thermal output while the remainder is supplied by reburn fuel. Thus, given the rating of the burner and heating values, the flow rates of main fuel and reburn fuel can be calculated. The main fuel CH O N X Y X is fired along with air and "x" moles of NH 3 to simulate the desired amount of NO x . The "x" value is calculated assuming complete oxidation of NH 3 into NO and H 2 O. Flame temperature and species mass fractions are calculated assuming complete combustion and given % of heat loss. The hot NO containing main gases are assumed to mix with cold reburn fuel stream. An exponential mixing model is used to simulate the mixing of main burner product gas jet along with the reburn jet in the reburn zone. As the reburn jet mixes with hot main gases, temperature of gas increases which in turn heats up the particles in the reburn jet. The solid particle in the reburn stream is assumed to undergo pyrolysis producing char, volatiles, fuel bound nitrogen (FBN) compounds and ash; further the char along with char N reacts heterogeneously to produce CO, CO 2 , CH 4 , NO etc.
The pyrolysis and evolution of FBN are assumed to be first order and volumetric while the heterogeneous reactions occur with constant density. The volatile matter is assumed to consist of CO 2 , CH 2 , and H 2 while the gaseous N compounds released by particles include HCN, NH 3 , and N 2 . The mass fraction of each species evolving from fuel nitrogen can be given as input into the code, or the empirical curve fit data for coal and biomass can be used to calculate the product distribution of N into the gas phase. The global reaction schemes are used to depict the NO formation and destruction process in the reburn zone. Upto 5 homogeneous reactions involving FBN, 4 homogenous reactions involving oxidation of volatiles (CO, H 2 , CH 2 , CH 4 ) and 6 heterogeneous reactions (C+1/2 O 2 producing CO and CO 2 , C+CO 2 , C+H 2 O, C+H 2 , C+NO) are used in the model. Blowing corrections are used in determining the species concentration at particle surface. Homogenous and heterogeneous reactions along with the mixing cause increased gas temperature and change in NO concentration. The input to the code are: a) Main burner: total heat throughput of the boiler burner, % heat input in main burner, heat loss from main burner, ultimate and proximate analysis, LHV of the fuel, percentage of excess air (main burner equivalence ratio), temperature, NO concentration required to be simulated; b) Reburner: Fuel property, ultimate and proximate analysis, initial particle size, LHV of the fuel, FBN pyrolysis distribution (optional), specific heat and density of the fuel, heat of pyrolysis of the volatile matter, distribution of O 2 , CO 2 , and N 2 in the reburn gas being supplied along with the reburn fuel, c) Reburn Zone: reburn equivalence ratio. The output results are particle dia d p , density ρ p , particle burn rate p m , gas phase temperature T g , particle temperature T p , and mass fraction of species Y k including NO distribution in the reburn zone as a function of time. Note that the current model accounts for combustion of main fuel and reactions between reburn fuel and main-burner gases. Due to the small-scale test facility, the experimental data have been generated without 'overfire' air, so an 'overfire' air model has not been incorporated into the code.
EXPERIMENTAL
For the current quarter, no experiments were run. However, a part of the data generated from experiments and reported in previous progress reports has been published .
THEORETICAL
In typical coal fired boilers, reburn fuel is injected into the upper furnace region. The overall furnace process occurs in 3 main zones in a boiler. They are, 1. Primary zone 2. Reburn zone 3. Overfire zone Table 1 and figure 1 explain the processes that occur in all the 3 zones in a coal fired boiler furnace. The current model accounts for combustion of main-burner fuel and reactions between reburn fuel and main-burner gases, however it does not include an overfire model. The difference between the current and older model is the capability to handle any solid fuel, along with more detailed modeling including heterogeneous and homogeneous global reactions. The solid fuel makes the inclusion of pyrolysis of volatile matter and fuel bound nitrogen (FBN), and char oxidation reactions necessary. The fuel bound nitrogen is assumed to be released to the gas phase by two processes, a) FBN evolution to N 2 , HCN, and NH 3 , and b) FBN oxidation to NO at the char surface. Figure 2 shows the various processes experienced by the reburn fuel. X is assumed to oxidize completely in the main burner zone. b) The production of NO x is solely attributed to the complete oxidation of NH 3 introduced with the main fuel. The model ignores Thermal and Fuel NO x formation. The equation represents the overall reaction in the main burner zone. c) In case NO x is produced by certain % of conversion of N in fuel to NO (can be specified as an input to the code), then one may set NH 3 moles to be zero (w = 0). 
( )
For a given thermal throughput (boiler rating), and fraction of total heat throughput through the main burner, the mass flow rate of fuel in the main burner is calculated as 
The temperature of the burnt gases leaving the main burner is calculated taking into account the heat loss in the main burner zone. The heat loss from the main burner zone is defined as a fraction of the Lower Heating Value (LHV) of the main burner fuel.
The temperature is calculated from the energy balance between the inlet and outlet of the main burner. Assuming that the main burner fuel, the primary air, and NH 3 enter the main burner at room temperature (298 K), the energy balance equation is given as 
The h f, fuel is calculated from the LHV of the main burner fuel.
( )
(kJ/kg of main burner fuel supplied)
where h , is in kJ/kmole
The heat loss in the main burner expressed as a fraction of the LHV of the main burner fuel, is calculated as
Therefore from equation 3,
where
The mass fraction of the individual species 'k' is calculated as,
Therefore, the equation (7) can be written as
,
The temperature of the product leaving the main burner zone can be calculated from equation (11). A simple iterative scheme like the Newton Raphson method may be used for this purpose.
Therefore using equations (9) and (11) the mass fraction of the species in the product gas leaving the main burner zone and the temperature of the same can be calculated. The mass flow rate of a species 'k' leaving the main burner can be calculated as Table 2 , shows the properties of coal, feedlot biomass used for the simulation , Priyadarsan et al., 2003a , and Priyadarsan et al., 2003b . Freeman et al., 2003, have reported that Feedlot biomass can be used as an effective reburn fuel, to reduce the NO x emissions from boiler burners. The chemical formula of the reburn fuel is given
Reburn Fuel Model
1 . The composition of the reburn fuel is assumed to be
The different components of the solid fuel react differently. FC is assumed to consist of pure carbon and gets oxidized via heterogeneous reactions (X -XV).
FC CO CO CH
Solid fuel pyrolysis is through finite kinetics, which depends on the type of reburn fuel. The volatile matter composition is assumed constant throughout the pyrolysis period of the fuel. The composition of the volatile matter is determined from the ultimate analysis of the reburn fuel. A single reaction model has been assumed for determining the volatile matter release rate from the solid fuel into the gas phase. The details of the reaction model shall be covered later in the report. The volatile matter composition is determined as
where it is assumed that the product of pyrolysis are CO 2 , H 2 , and CH 2 . In equation (15), it may seem unusual to use CH 2 as one of the products of pyrolysis. However, this became necessary due to the following reasons.
An attempt was made to make use of CH 4 , C 2 H 2 , or C 2 H 4 as product species, instead of CH 2 , but since the oxygen content of the biomass used is very high (Table 2), the coefficients for CH 4 , C 2 H 2 , or C 2 H 4 in equation (15), were negative, which is unrealistic. The choice of CH 2 seemed to satisfy equation (15) and the coefficient for CH 2 is positive. However, the heat of formation of CH 2 is not known as a priori. It is determined by using the Heating Value (HV) of FC and the heat of pyrolysis of the VM (which is given as input by the user)
In the above equation (16), the heat of pyrolysis of FBN has been neglected due to smaller amount of nitrogen compared to volatile matter. Using equation (16) 
Since the pyrolysis products are assumed to be CO 2 , CH 2 , and H 2 , the heat of formation of CH 2 is determined as
Therefore heat of formation of CH 2 is calculated as,
where h , is in kJ/kmole FBN is oxidized and pyrolyzed from the particle surface. The pyrolysis products of FBN are (equation 20a) assumed to be N 2 , NH 3 , and HCN. The mass fraction of each species evolving from fuel nitrogen can be given as input into the code, or the empirical curve fit data for coal and biomass can be used to calculate the product distribution of N into the gas phase. For coal, the curve fit has been done from the experimental data given by William et al., 1945 , and for biomass, it has been done from the experimental data given by Zhou et al., 2000. The ash is assumed to be inert and undergoes no chemical and physical change during combustion of the reburn fuel in the reburn zone and is assumed to be retained in the fuel.
The mass flow rate of the reburn fuel supplied to the burner is calculated from the fraction of the heat throughput through the reburn fuel in the boiler burner. 
Mixing Model Development
An exponential mixing model (Stickler et al., (1983) , Alzueta et al., 1998 ) is used to simulate the mixing of main burner product gas jet along with the reburn jet in the reburn zone. Figure 3 shows a schematic of the mixing model used. In this model, the main-burner product gas jet is entrained into the reburn jet gradually, thus increasing the mass flow rate of the reburn jet. This particular model was used because of its simplicity to implement and more importantly in this model the reburn jet undergoes greater change in the stoichiometry during the mixing process and appears to lead to favorable results.
Therefore, the mass added to the reburn jet from the main burner jet in time period dt is
Since the global φ RZ is given an input to the code, the O 2 supplied along with the rebrun fuel is calculated as ( ) Since other gases like CO 2 , and N 2 are also supplied along with the reburn O 2 , the mass fraction or the composition of the gases supplied along with the reburn fuel are given as input in the code. The total mass flow rate of the gas phase supplied along with the solid reburn fuel is, 
Chemical Reactions
Homogeneous Reburn Reactions
The reburn reactions take place in the gas phase where the NO is primarily reduced and formed due to interaction with other species. The global reaction scheme is used to depict the NO formation and destruction process in the reburn zone. The reactions considered are, 1) Hydrocarbon (HC) reduction: Chen et al., 1996 CH NO HCN products x + → + 
(30b)
In the above equations (30a and 30b) CH 2 is considered, as it assumed to be a product of the reburn fuel pyrolysis. 4 10 133900
where b II the order of reaction with O 2 depends on X O2 in the gas phase, and is calculated by a curve fit from the data provided by De Soete, 1975 3) Ammonia reduction: De Soete, 1975 
NH NO N H O H
where b IV the order of reaction with O 2 depends on X O2 in the gas phase, and is calculated by a curve fit from the data provided by De Soete, 1975 
Other Homogeneous reactions
Apart from the NO x reaction, there are other homogeneous reactions, which tend to consume the O 2 present in the reburn zone. Williams, 2000 CO O CO 
6) CO oxidation:
(38) where CH 2 is used instead of C 2 H 4 in equation (38) 8) CH 4 oxidation: Bartok, 1991 . . .
Heterogeneous reactions:
The following heterogeneous reactions occur at the particle surface. The kinetic rate constants for the heterogeneous reactions are given as, 10) Carbon oxidation: Annamalai et al., 1993 
11) Carbon Oxidation: Annamalai et al., 1993 
12) Carbon oxidation: Annamalai et al., 1993 C
13) Steam carbon reaction: Bryden et al., 1996 
C H O H CO
14) Methane formation: Schoeters, 1985 
15) C and NO reaction: Mitchel et al., 1982 C NO CO
The mass loss rate for each of the reactions X -XV, is calculated as
The total carbon consumption rate for a particle of size d p is given as
In order to calculate heterogeneous reactions on the particle surface, the species concentration must be determined first. The species mass fraction at the particle surface (Y kr,w ) is calculated as follows.
With the assumption of a first order reaction (n i = 1) at the particle surface, the analysis of the mass transfer across the frozen film yields the following expression for the species mass fraction at the particle surface (Du, 1995) . . Re
(52)
From the above equation (50), it can bee seen that the oxygen mass fraction at the particle surface (Y kr,w ) is calculated in terms of the bulk gas mass fraction (Y kr ) next to the particles by a mass balance that accounts for the blowing effects (Stefan flow) from the particle and chemical reactions at the surface.
Volatile Matter release from the solid reburn fuel:
A single reaction model has been assumed for determining the volatile matter release rate from the solid fuel into the gas phase. 
The activation energy for Wyoming coal (low sulfur coal) and feedlot biomass were calculated by Thien, 2002 , and are tabulated in Table 3 . Mitchel et al., 1982 , * Thien, 2002 4.4.5. FBN pyrolysis rate: A single reaction model has been assumed to determine the N release rate from the solid into the gas phase Mitchel et al., 1982. ( ) 
The source terms are calculated from the reaction kinetics mentioned earlier in the previous section.
The overall mass conservation equation for the gas phase is, 
2) Particle diameter:
Assuming, that the decrease in particle size is due to oxidation of FC on the char surface the particle diameter is calculated as,
To keep the computation simple, only one uniform particle size is used as the initial diameter of the reburn fuel particle. The initial particle size is given as input by the user.
3) Energy equation for solid phase
The energy equation is used to calculate the particle temperature at the surface. Since the particle size is small (order of 100 µm), it is assumed to have uniform temperature. Thus, the surface temperature of the particle is also the bulk temperature of the particle.
The source terms for the energy equations are calculated as a) Convection term Assuming quasi-steady state behaviour around the particle, the overall convective heat transfer rate between the particle and the gas is given as, (Borman, 1998) 
Procedure
The current model formulation uses solid feedlot biomass as the reburn fuel. Reburn fuel pyrolysis, FBN evolution and oxidation, and global char reactions along with global homogeneous reactions have been incorporated into the model. The governing differential equations outlined in the previous section, shall be solved explicitly and integrated over time to determine the NO reduction in the reburn zone using feedlot biomass as the reburn fuel.
4.6.1 Input data The following information discussed below is provided to the code as input. 
Main Burner
Reburn Supply
Reburn fuel 1) Fuel property, ultimate and proximate analysis 2) Initial particle size 3) LHV of the reburn fuel 4) FBN pyrolysis distribution (optional) 5) Specific heat and density of the fuel 6) Heat of pyrolysis of the volatile matter Reburn gas 1) Distribution of O 2 , CO 2 , and N 2 in the reburn gas being supplied along with the reburn fuel.
Reburn Zone 1) Equivalence ratio in the reburn zone 4.6.2.
Output data After simulation, the following information mentioned below is provided by the code as output. 1) NO distribution in the reburn zone as a function of time. 2) Gas phase temperature in the reburn zone as a function of time.
3) Temperature of the particle in the reburn zone as a function of time. 4) Distribution of other gas species in the reburn zone as a function of time.
RESULTS AND DISCUSSION
Results have not yet been obtained
CONCLUSION
No conclusion is presented since the results are not yet available.
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